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A simple, environmentally and economically benign, scalable synthesis was developed for the production of
micrometer long hexagonal cerium phosphate nanowires, complex urchin-like nanostructures and their
terbium-doped counterparts. It was proven that neither sophisticated equipment nor structure directing
agents or pH adjustment or tedious procedures are necessary, because the precise regulation of
precursor addition rate is suﬃcient to control the morphology of the product nanostructures. Nanowires
and nanourchins can be obtained by the instantaneous vs. drop-wise addition of phosphoric acid to an
aqueous cerium nitrate solution, respectively. Terbium doping is readily achieved by dissolving a
calculated amount of terbium nitrate in the precursor solution. Spherulitic lanthanide phosphate
nanostructure formation mechanisms oﬀered in the literature were critically reviewed and assessed
against our experimental ﬁndings obtained by studying the sonochemical disintegration of nanourchins.
Terbium doping introduced green luminescence and slowed down the temperature induced hexagonal
to monoclinic phase transition of cerium phosphate.1. Introduction
Rapid technological evolution in the past decades could not
have been realized without the development of new advanced
materials. The controlled preparation and design of functional
nanomaterials opened new frontiers for our technological,
industrial and medical evolution. Complex 3D nano-
architectures (nanowire bundles, urchins, owers etc.) have
attracted great attention due to their superior properties for
instance in the eld of toxic cation removal,1–3 gas sensing,4
high performance energy storage devices,5 pseudocapacitors or
photoluminescent devices.6 Many advanced technologies are
available for the preparation of precisely designed nano-
materials, however, most of these are rather time- and energy-
intensive. The development of simple, fast and cheap synthetic
methods is essential for facilitating the industrial and medical
application of the novel materials.7
The industrial relevance of lanthanide phosphates is well
known since the end of the nineteenth century when they were
mined as monazite sand for their extractable lanthanideChemistry, University of Szeged, Rerrich
: konya@chem.u-szeged.hu
tes Research Group, Rerrich Be´la te´r 1, H-
emistry Research Group, Rerrich Be´la te´r
tion (ESI) available. See DOI:
hemistry 2014content. Green and eﬃcient methods were developed later for
the extraction of lanthanides for use in e.g. samarium–cobalt
permanent magnets or nickel metal hydride (NiMH) batteries.8
In the past decades a revived attention has been focused on
their preparation, characterization and application. Lanthanide
phosphates are considered to be a versatile family of rare-earth
compounds possessing potential applications in the elds of
luminescent materials,9–11 sensors,12,13 catalysis,14–18 nuclear
waste treatment,19 heat-resistant materials,20 biological
labeling,21 proton conductors in solid oxide fuel cells (SOFCs)22
and photon up-conversion materials.23
Various synthetic procedures were developed for the prepa-
ration of one-dimensional lanthanide phosphates in general
and cerium phosphate nanomaterials in particular, such as
microemulsion,24 sol–gel,25 sonochemical,26–29 biological30 and
microwave assisted methods.31 Anisotropic growth is achieved
by taking advantage of the natural crystallographic features of
the material. Hydrothermal synthesis appears to be the most
widespread technique in the literature.20,32–48 A wet chemical
synthesis was applied by Wang and Gao to prepare short
rhabdophane rare-earth phosphate nanorods at 100 C,49 while
Yang and co-workers investigated the eﬀect of reaction
temperature on nanowire length in water–ethanol medium.50 A
simple room temperature synthesis was developed by Di and co-
workers for Tb-doped CePO4 nanorods. By this method only 50–
100 nm long nanorods could be obtained and additional pH
adjustment was also required.13 An innovative technique was
suggested by Fang and co-workers who prepared doped LaPO4
nanorods by using two diﬀerent microuidic platforms.51RSC Adv., 2014, 4, 49879–49887 | 49879
RSC Advances PaperHowever, most of the available methods are rather compli-
cated52 or involve relatively high temperatures,53 structure
directing agents54 or long synthesis times up to 40 days.55
Several studies were published on the preparation of cerium
phosphate nanowires but only few can be found on the
controlled synthesis of complex 3D nanoarchitectures. Aer Bu
and co-workers demonstrated that LnPO4 microarchitectures
could exhibit enhanced photoluminescent properties56 a new
line in LnPO4 nanostructure research was opened. For instance
Liu and co-workers developed a layer-by-layer deposition
method for the synthesis of urchin-like nanostructures.57 This
process was unfeasible without the application of a properly
surface modied substrate and 30 cycles of a ve-step synthesis
routine had to be performed to obtain the desired nano-
structures. Li and co-workers used b-cyclodextrin as a structure
directing agent in their synthesis to promote the anisotropic
growth of nanowires.58 Their experiments on the role of
b-cyclodextrin revealed that the addition of a structure directing
agent is essential for the formation of nanowires, as only
irregularly shaped, short rods were formed in the absence of
b-cyclodextrin. Recently, a template-mediated room tempera-
ture procedure was developed by Zhang and Wong. An U-sha-
ped tube divided by a porous polycarbonate membrane was
applied to fabricate sheaf-like complex nanostructures and
nanowires with high aspect ratio.21 A so-template assisted
microemulsion system was also developed by Chall and co-
workers.59 In the above-mentioned methods structure directing
agents, templates or tedious procedures were necessary to yield
the proper structure and this could limit their utility in large
scale nanostructure production.
We suggest that it is possible to achieve adequate
morphology control over cerium phosphate nanostructures
simply by controlling the fundamental synthesis conditions. To
prove this concept, in this contribution we present a simple,
fast, scalable, environmentally and economically benign
synthesis route for terbium-doped cerium phosphate nanowires
and urchin-like nanoarchitectures. Our goal was to keep the
synthesis as simple as possible and to prove that the application
of capping agents, surfactants, templates, pH pre-adjustment or
complicated synthesis routines is not essential for the prepa-
ration of complex nanostructures. Rather, the careful adjust-
ment of precursor concentration and a properly chosen
admixture rate of solutions are suﬃcient to determine the
morphology of the product. To the best of our knowledge only
little information can be found in the literature on the forma-
tion mechanism and stability of urchin-like cerium phosphate
nanostructures. Therefore, additional experiments were carried
out to understand their evolution process better under mild and
structural behavior under high temperature conditions,
respectively.
2. Experimental
2.1. Materials
All reagents were of analytical grade and used without further
purication. Cerium(III) nitrate hexahydrate and terbium(III)
nitrate pentahydrate were purchased from Sigma-Aldrich.49880 | RSC Adv., 2014, 4, 49879–49887Phosphoric acid and absolute ethanol were purchased from
Molar Chemicals Ltd.
2.2. Preparation of CePO4 nanowires/nanourchins
For the preparation of long CePO4 nanowires and urchin-like
structures at room temperature 1.1 ml H3PO4 (85%) and 3.472 g
Ce(NO3)3  6H2O ($99.0%) were dissolved in 80 and 240 ml of
distilled water, respectively. Diluted phosphoric acid (abbrevi-
ated as PO4 in the text) was added to the cerium nitrate solution
(abbreviated as Ce in the text) in two diﬀerent manners
depending on the desired nanostructures to be prepared.
Urchin-like structures were formed by the instantaneous addi-
tion of phosphoric acid, whereas long nanowires could be
obtained only when dropwise addition was carried out for
3 hours. Aer the complete addition of phosphoric acid the
suspension was further stirred for 20 minutes. The obtained
product was separated by centrifugation and puried by
washing with distilled water and ethanol thoroughly. The metal
content of the combined washing phases was 9  102 mmol 
dm3 for cerium and 102 mmol  dm3 for terbium ions
(analyzed by ICP-MS). The CePO4 yield was calculated inde-
pendently from the dry product mass and from the residual
cerium contents of the washing uids. Bothmethods conrmed
a yield above 95% for all synthesized CePO4 nanomaterials.
2.3. Preparation of Ce0.9Tb0.1PO4 nanostructures
Terbium-doped CePO4 nanowires and nanourchins were
prepared in a way similar to the pristine ones. The amount of
cerium nitrate was reduced to 3.126 g and 0.348 g of Tb(NO3)3
5H2O (99.9%) was added to the cerium–nitrate solution to
ensure a 9 : 1 Ce : Tb ratio. The samples were puried in the
same way as their undoped counterparts. The yield calculated
from the lanthanide content of the washing uids (analyzed by
ICP-MS) was more than 90% for all terbium-containing
nanostructures.
2.4. Characterization
The morphology of nanostructures was investigated by using a
FEI TECNAI G2 20 X-Twin transmission electron microscope
(TEM) working at an accelerating voltage of 200 kV. The samples
were drop-casted onto carbon coated copper grids from ethanol
suspension. The crystal structure of the samples was examined
at ambient temperature using a Rigaku Miniex II diﬀractom-
eter equipped with a Cu Ka radiation source. The purity and
elemental composition content of the samples were veried by
energy dispersive X-ray spectroscopy in a HITACHI S-4700 Type
II cold eld emission scanning electron microscope (SEM)
instrument operated at 10 or 20 kV accelerating voltage with an
integrated Ro¨ntec QX2 EDS detector. Samples were mounted on
double-sided adhesive carbon tape. Nitrogen adsorption anal-
ysis was carried out in a Quantachrome NOVA 3000e surface
area and pore size analyzer instrument. The samples were
vacuum degassed at 200 C for 2 h prior to themeasurement. The
pH was measured during the synthesis by a JENWAY 3540 pH
and conductivity meter. Thermogravimetric measurements
were carried out on a Setaram Labsys thermoanalyticalThis journal is © The Royal Society of Chemistry 2014
Paper RSC Advancesinstrument in synthetic air. For sonochemical treatments a
Hielscher UIP1000hd ultrasonic homogenizer was employed
operating at 20 kHz on 30% amplitude, equipped with B2-1.8
type booster in booster position and a BS2d22 type sonotrode.
Photoluminescence properties of terbium-doped nano-
structures suspended in methanol (0.01 wt%) were determined
by a Hitachi F-4500 uorometer using an excitation wavelength
of 286 nm and 5 nm excitation and emission slits. The uo-
rescence quantum yield of Ce0.9Tb0.1PO4 nanostructures was
estimated by using Rhodamine B as a uorescent standard
possessing a luminescent quantum yield of 70% in ethanol.60Fig. 2 X-ray diﬀraction patterns of pristine (Ø) and terbium-doped
(Tb) cerium phosphate nanowires (NW) and nanourchins (NU) of
hexagonal crystal structure. Lorentz ﬁt of (200) and (102) peaks indi-
cated a slight shift towards higher 2q values demonstrating the
incorporation of terbium ions into the crystal lattice (A). EDS spectra
showed an elemental composition of Ce, P and O for all samples. In
the case of terbium-doped samples additional Tb peaks could be
clearly detected. The Ce : Tb atomic percent was 91 : 9 for nanowires
and 89 : 11 for nanourchins (B).3. Results and discussion
3.1. General characterization of the nanostructures
TEM examination of the as-prepared CePO4 nanostructures
indicated that even a simple parameter like precursor addition
rate could signicantly alter the morphological features of the
developing nanostructures (Fig. 1). The instantaneous addition
of phosphoric acid to the cerium nitrate solution promoted the
spontaneous formation of urchin-like structures made up of 4–
8 nm thick nanorods radiating from the center and possessing
an average length of 100–200 nm. Reducing the addition rate of
phosphoric acid while other parameters were kept unchanged
induced the formation of micrometer long nanowires and
nanowire bundles instead of nanourchins. An XRD study
conrmed that both terbium-doped and pristine nano-
structures were of a pure hexagonal phase with a lattice
constant of a¼ 7.055 A˚ and c¼ 6.439 A˚ (JCPDS File no. 74-1889)
(Fig. 2A). The Lorentz t of themost intensive peaks of (200) and
(102) of the Tb-doped samples revealed a 0.1 shi in peakFig. 1 TEM images of pristine (A and C) and terbium-doped (B and D)
cerium phosphate nanostructures prepared under ambient reaction
conditions.
This journal is © The Royal Society of Chemistry 2014positions indicating the incorporation of terbium atoms into
the cerium phosphate crystal structure (Fig. 2B). The terbium
content of the samples was conrmed by EDS; the desired
dopant ratio was achieved in both terbium-doped samples. For
terbium doped nanowires the Ce : Tb atomic percent was 91 : 9,
while for nanourchins this ratio proved to be 89 : 11 (Fig. 2C
and D), which correlate well with the desired 9 : 1 ratio. The
exact elemental composition of the samples was determined by
examining the cerium, terbium and phosphorous (Ce : Tb : P)
content of the samples. The obtained atomic percentages of
44.7 : 4.2 : 51.1 for nanowires and 43.1 : 4.9 : 52.1 for nano-
urchins correlated well with the expected theoretical composi-
tion of Ce0.9Tb0.1PO4.
Nitrogen adsorption measurements revealed a specic
surface area of 144 and 125 m2 g1 for pristine and terbium-
doped nanowires, respectively, and 168 m2 g1 for both pristine
and terbium-doped nanourchins. It is noteworthy that only a
few studies have been published so far on the preparation of
CePO4 nanostructures with similarly high specic surface area
(SSA) values. Furthermore, those nanostructures were prepared
by more complicated methods with the aid of chemical addi-
tives and/or they were more rod-like instead of featuring a
nanowire morphology.16,253.2. Factors inuencing the nanowire/nanourchin
formation
Potentially inuential parameters of the synthesis like
precursor addition rate, Ce : PO4 ratio and reversed additionRSC Adv., 2014, 4, 49879–49887 | 49881
RSC Advances Paperwere tested to examine their contribution to the development of
nanowire or nanourchin structure. The eﬀect of varying
Ce : PO4 molar ratios was investigated by applying three
diﬀerent PO4 and Ce concentrations in two series by xing rst
Ce and then PO4 concentrations. In the case of nanowires, a
varying PO4 molar ratio combined with xed cerium nitrate
concentration caused conspicuous change only at 1 : 1 molar
ratio where only short nanorods were formed (Fig. S1A†), while
in the case of 1 : 4 Ce : PO4 molar ratio (Fig. S1E†) no signicant
changes were observed. The variation of cerium amount at xed
phosphoric acid concentration caused only slight changes in
the nanowire samples. At 1 : 4 Ce : PO4 molar ratio (Fig. S2E†)
no signicant changes could be observed in the product, while
in the case of 1 : 1 molar ratio (Fig. S2A†) nanourchin aggre-
gates remained in the sample. These aggregates are residues
from the initial stage of nanowire formation process.
Neither low nor high phosphate concentration was favorable
for the development of nanourchins. At 1 : 1 Ce : PO4 molar
ratio and xed cerium concentration (Fig. S1B†) mainly nano-
rod aggregates were formed in the absence of fully developed
nanourchins. The increase in the Ce : PO4 ratio (Fig. S1F†)
caused a slight reduction in their diameter while their integrity
deteriorated signicantly compared to the sample prepared at
1 : 2 Ce : PO4 ratio. An interesting observation was made when
the ratio of cerium was varied at a xed phosphoric acid
concentration: when using a large amount of Ce (1 : 1 Ce : PO4)
only short nanorods were observed in the product, that is, no
nanourchins were formed (Fig. S2B†). However, when using a
smaller amount of Ce (1 : 4 Ce : PO4) nanourchins were readily
obtained (Fig. S2F†).
The eﬀect of phosphoric acid addition rate was also studied
by testing three diﬀerent dropping velocities (Fig. S3†). When
phosphoric acid was added most rapidly (within 1 h) only short
nanorods were formed. Slowing the dropping rate down (3 h)
resulted in longer nanowires. A further decrease in the dropping
rate (6 h) did not have any additional eﬀect on nanowire length
or structure.
To get more detailed information about the potential key
factors of nanostructure formation the reversed addition of
precursors was also tested (Fig. S4†). In the case of nanowires
highly bundled and aggregated structures were developed,
while nanourchins exhibited a nearly ideal morphology.
However, their integrity was unsatisfactory as many incomplete
and fragmented nanourchins were found in the product.
Summarizing, a 1 : 2 Ce : PO4 ratio (with an addition rate of
3 h in the case of nanowires) and the addition sequence of
phosphoric acid to cerium nitrate were the most favorable for
both nanowire and nanourchin formation. The fundamental
product morphology is determined by the way how the
precursor are mixed (instantly vs. slowly), and the other
parameters investigated above can be utilized for ne tuning
the synthesis.3.3. Formation mechanism of nanourchins
Literature studies about urchin-like structures generally iden-
tify them as spherulites. The exact growth mechanism of these49882 | RSC Adv., 2014, 4, 49879–49887exotic nanostructures has not been elucidated yet.61–63 The rst
attempts to explain the evolution of natural spherulitic crystals
were published in the early 20th century. Maleev summarized
these theories in his study on the crystal splitting mechanism of
chalcedony.64 As a summary, three models were hypothesized
for the formation of spherulites: (1) metacolloids, based on the
surface tension at the interface between the gel (deposited from
solution) and the solution itself, (2) the simultaneous growth of
several nuclei towards all directions from one center, and (3) the
continuous splitting and deection of the spilt branches of a
crystal at both ends. Based on recent publications on nanosized
inorganic spherulites the seeding then radiating (2) and the
crystal splitting models (3) seemed to be the most feasible to
explain the formation of our nanourchins. Both mechanisms
occur only when appropriate chemical and physical circum-
stances are insured during crystal growth. Crystal splitting is
preferential when fast crystal growth occurs, initiating the
development of defects along the growth direction. Kelly and co-
workers suggested that crystal splitting might commence due to
the formation of defects in their iron phosphide system.65
According to their observations the introduction of even a few
microliters of alkanes into the reaction solution containing an
appropriate amount of surfactants can drastically enhance the
splitting of crystals, leading to the formation of dumbbell,
haystack and spherulite nanostructures. Another important
observation was made by Tang and Alivisatos in their Bi2S3
system, where the injection temperature of the precursor was
varied in the absence of organic additives or surfactants to
enhance crystal splitting.66 Intensied splitting could be ach-
ieved at a lower injection temperature due to the smaller
amount of seeds formed and the higher rate of crystal growth
compared to higher temperatures.
The seeding and radiating theory is an alternative spherulite
formation mechanism. Wang and Gao suggested this mecha-
nism to explain the formation of their LaPO4 nanorod system.49
Radiating aggregates were also observed at the initial stage of
their synthesis, though these structures were stable only for
1 minute at 100 C. Pursuant to this theory a considerable
amount of seeds appeared and aggregated at the very early stage
of the synthesis. Fast anisotropic crystal growth then
commenced from these aggregates due to auspicious chemical
environment eventuated in the development of urchin-like
structures. An interesting observation was made by Zhong and
Chu: the growth of CaCO3 spherulites aided by maleic chitosan
eventuated from an amorphous core.67 Tao and co-workers
investigated the formation of hydroxyapatite spherulites. They
suggested a complex mechanism including the initial aggrega-
tion of amorphous calcium phosphate particles and the radial
extension of hydroxyapatite nanoneedles from its surface by
Kirkendall eﬀect. As the reaction was terminated hollow
hydroxyapatite spherulites were formed.68
Each aforementioned mechanism could provide a feasible
explanation for the formation of a spherulite structure.
Considering the growth habit of crystals during these mecha-
nisms, fairly diﬀerent core structures can be assumed. Spher-
ulites evolved by seeding and radiating process may exhibit a
loose structured core consisting of aggregated seed residues.This journal is © The Royal Society of Chemistry 2014
Fig. 3 TEM images on the successive growth of hexagonal cerium
phosphate nanowires obtained by periodic sampling. “Quills” of initially
formed nanourchins (A) are continuously elongated then detached (B).
The longitudinal growth of nanorods commenced with prolonged
synthesis time (C and D).
Paper RSC AdvancesNonetheless, it is also possible that a hollow core is formed as a
result of a more complex process. For spherulites developed by
crystal splitting a muchmore robust core could be hypothesized
consisting of a multi-split crystal in the center.69–71
Since the fast crystal growth of nanourchins rendered the
continuous monitoring of their growth process very diﬃcult,
the following approach was taken to decide about the most
likely formation mechanism of cerium phosphate nanourchins
under our experimental conditions. The urchin-like architec-
tures were disintegrated ultrasonically to gain insight into the
morphology of their core structure. Introducing ultrasound into
a liquid medium induces the emergence and collapse of
bubbles accompanied by enormous local temperature (>5000 K)
and pressure (>20 MPa) variations in the distinct volume
surrounding the collapsing bubbles.28,72,73 The energy released
during this cavitation process can be exploited for the demoli-
tion of fully developed nanostructures. In our study ultrasound
irradiation was applied for 20 minutes and the mixture was
sampled in every minute for TEM. Disintegration of nano-
urchins started right aer 1 minute of ultrasound irradiation
and was completed in 20 minutes (Fig. 4). Characteristic TEM
images showing an intermediate stage of nanourchin disinte-
gration were captured aer 10 minutes of sonication. Fig. 4D
and E represent the inner structure of an opened-up nano-
urchin. A closer look at the central region by HRTEM revealed
some residues that remained from the initially formed
randomly oriented seed aggregates. The FESEM image of an
opened up nanourchin demonstrated that our spherulites had a
closely packed core structure (Fig. 4F). According to this
observation neither the crystal splitting nor the multi-step
development mechanism suggested by Tao and co-workers
could be conrmed for our system, because neither of these
mechanisms is able explain the core morphology visible in
Fig. 4F. Consequently, the seeding and radiating mechanism
proposed by Wang and Gao appears to be the most likely
formationmechanism of cerium phosphate nanourchins grown
under our experimental conditions.
It is worth noting that no crystal growth occurred during the
sonochemical treatment of the nanourchins. In fact, only
nanorods shorter than the initial constituent quills of the
nanourchins and their aggregates could be identied aer
sonication. This observation contradicts the generally accepted
theory that regards sonochemistry as a useful method for the
preparation of one-dimensional nanocrystals in general and
lanthanide phosphate nanorods in particular.27–293.4. Formation mechanism of nanowires
In order to gain more insight into the growth mechanism of
nanowires a time dependent synthesis was performed. During
the dropwise addition of phosphoric acid to the cerium nitrate
solution continuous pH monitoring supplemented by periodic
sampling for TEM was performed (Fig. 3). The initial pH of the
cerium nitrate solution was 5.2. Ten drops of H3PO4 initiated
the instantaneous formation of nanourchin precipitate while
the pH dropped to 3.3 (Fig. 3A). Further phosphoric acid addi-
tion (20 drops) reduced the pH to 2.8, resulted in theThis journal is © The Royal Society of Chemistry 2014disintegration of the urchin-like nanostructures and promoted
the elongation of the nanowires (Fig. 3B). Samples taken
between 40 and 180 minutes showed that the detached nano-
rods grew longer as the reaction proceeded, while the pH
decreased to 1.1 by the end of the synthesis (Fig. 3C and D). It is
worth noting that previous studies reported that only the
narrow pH range of 0.5–1.6 was adequate for nanowire growth.37
Since initial pH adjustment was not applied in our case, the
obtained pH prole clearly demonstrates that the pH drops
rapidly to the favorable range at the very beginning of the
synthesis, thus providing an appropriate chemical environment
for nanowire growth.
Similar observations were made by Qian and co-workers in
their extremely slow room temperature precipitation
synthesis.55 In the rst three days aggregated nanoparticles were
formed which had later grown into long nanowires with
extending ripening time. Urchin-like structures appeared aer
7 days. The pH and precursor concentration were kept constant
during their synthesis providing an appropriate chemical
environment for the so-called dissolution/recrystallization
process. Compared to Qian and co-workers' method, our
procedure was able to speed the synthesis up remarkably (from
40 days to 3 hours) by dynamically changing the pH and the
precursor concentration.
Most of the studies published on the preparation of CePO4
nanowires refer to the dissolution/recrystallization
process25,37,49,55 as the most feasible growth mechanism. In our
room temperature synthesis the dissolution of nanocrystals is
not essential for the growth of nanowires because of the
continuous supply of the phosphate precursor, hence theRSC Adv., 2014, 4, 49879–49887 | 49883
Fig. 4 Indirect examination of spherulite structure development by
time-resolved TEM investigation of sonochemically treated nano-
urchins. Nanourchins started to break up already after 1 minute of
ultrasound irradiation (A) and the process was completed after
20 minutes (C). An intermediate stage appeared after 10 minutes of
ultrasonic irradiation (B) when an opened-up structure was captured
(D) demonstrating the viability of the seeding and radiating theory
based on the observable randomly oriented seed aggregates (E).
FESEM image of a semi-opened nanourchin represented a closely
packed core structure (F).
RSC Advances Paperprogressive growth of nanowires is possible during the entire
synthesis.
The anisotropic growth of hexagonal cerium phosphate
nanowires can be explained on structural grounds following the
work of Murphy et al.74 CePO4 nanowires consist of alternating
cerium and phosphate ions arranged into innite linear chains
along the c-axis. The bonding between these chains is weaker
than the bonding within the chains themselves. Consequently,
the activation energy required for growth along the c-axis is
lower than that required for growth perpendicular to the c-axis.
As a result, the elongation of nanoparticles is thermodynami-
cally favorable compared to isotropic growth.Fig. 5 X-ray diﬀraction patterns of pristine (Ø) and heat treated (HT)
pristine cerium phosphate nanowires (NW) and nanourchins (NU).
After 1 hour at 600 C the samples completely recrystallized from
hexagonal to monoclinic crystal structure.3.5. Phase transition and thermal stability test
To date only hydrothermal methods were published for the
preparation of various types of micrometer sized monoclinic
lanthanide phosphate 3D nanostructures.36,75 To the best of our
knowledge there is a lack of information in the literature on the
thermal stability and phase transition of hexagonal nano-
urchins to a monoclinic structure. It was demonstrated in our
previous study that hexagonal cerium phosphate nanowires can49884 | RSC Adv., 2014, 4, 49879–49887transform into monoclinic phase at 600 C in 1 hour.76 The
same behavior was observed in the case of hexagonal nano-
urchins under these conditions (Fig. 5). Interestingly, doping
these nanostructures with terbium ions slowed the phase
transition process down as the heat treated nanowire sample
still exhibited some characteristic hexagonal peaks even aer
5 hours (Fig. 6B) of annealing at 600 C. For the proper recrys-
tallization of both types of terbium-doped nanostructures the
heat treatment had to be extended to 8 hours. To intensify the
eﬀects of heat treatment, the nanostructures were subjected to
repetitive heat shock by taking them out from the 600 C
furnace to 25 C every second hour. On each occasion when the
samples were removed from the furnace, the ambient thermal
equilibrium was allowed to be achieved, then annealing at
600 C was resumed. TEM images proved that both nanowires
and nanourchins could preserve their morphology even under
these harsh conditions (Fig. 7). Aer 8 hours the phase transi-
tion of nanostructures was complete as conrmed by X-ray
diﬀractometry (Fig. 6) indicating a pure monoclinic crystal
structure with a lattice constant of a ¼ 6.777 A˚, b ¼ 6.993 A˚ and
c ¼ 6.445 A˚ (JCPDS File no. 84-0247).3.6. Photoluminescence test
The photoluminescence spectra of as-prepared and heat treated
terbium-doped samples were recorded at room temperature.
Fig. 8 demonstrates that green luminescent nanostructures
could be also prepared by our simple preparation method. The
characteristic 5D4 /
7FJ transitions of Tb
3+ can be clearly
observed in the spectra at 490 (7F6), 544 (
7F5), 587 (
7F4) and
621 nm (7F3).77 The
7F4 transition was largely masked by the
second-order scattered radiation of the excitation light. Lumi-
nescence intensity was much higher for as-prepared samples
than for the heat-treated ones (by approx. a factor of 9 and 6
for nanowires and nanourchins, respectively), and as-prepared
nanowires exhibited 13–22% higher intensity (depending on
wavelength) emissions than their nanourchin counterparts.This journal is © The Royal Society of Chemistry 2014
Fig. 6 X-ray diﬀraction patterns of as-prepared and heat-treated (HT)
terbium-doped (Tb) cerium phosphate nanowires (NW) and nano-
urchins (NU). After 8 hours at 600 C the samples completely
recrystallized from hexagonal to monoclinic crystal structure (A). Part
B depicts a characteristic intermediate stage of the annealing process.
After 5 hours the (100) reﬂection characteristic of the hexagonal phase
was still observable in the terbium-doped samples indicating an
incomplete recrystallization.
Fig. 7 TEM images of thermally treated samples at 600 C for 8 hours
represented a good structural stability for both nanourchins (A) and
nanowires (B) even under repeated thermal shock conditions.
Fig. 8 Photoluminescent spectra of as-prepared and heat-treated
(HT) terbium-doped (Tb) nanourchins (NU) and nanowires (NW). After
heat treatment for 8 hours the luminescent intensity decreased but
remained observable. The inset depicts the appearance of 5D3/
7FJ
(J ¼ 6, 5, 4) transitions in the monoclinic phase.
Paper RSC AdvancesInterestingly, heat-treated samples showed an opposite trend
since nanourchins had higher (approx. 19–25% depending on
wavelength) luminescence intensity than nanowires in this
case. The estimated uorescence quantum yields for as-This journal is © The Royal Society of Chemistry 2014prepared nanourchins and nanowires were 37% and 40%,
respectively.
The diﬀerence in the emission intensities of as-prepared
samples can be explained by the diﬀerent amount of structural
water present in hexagonal samples that could eﬀectively
quench Tb3+ emission.78,79 The structural water content
obtained by thermogravimetric measurements was approxi-
mately 1.8 wt% for nanowires and 2.6 wt% for nanourchins. The
marked decrease in luminescent intensity aer heat treatment
at 600 C for 8 h can be explained by the partial oxidation of Ce3+
to Ce4+. Previous reports proved that even a small amount of
Ce4+ could quench Tb3+ emission through the prohibition of
energy transfer between Ce3+ and Tb3+, as energy transfer
between Ce3+ and Ce4+ becomes more favorable in the presence
of Ce4+.58,77,80 It is interesting that aer heat treatment the weak
blue emission bands related to 5D3 /
7FJ transitions at 384
(7F6), 416 (
7F5), 438 nm (
7F4) appeared in accordance with
previous studies on heat treated Tb-doped materials.81 Several
options exist to improve the photoluminescence properties
such as the preparation of a core–shell structure or heat treat-
ment under inert atmosphere to prevent the oxidation of Ce3+.
These investigations are a part of our forthcoming experiments.4. Conclusion
In this study a simple, cost-eﬀective, scalable synthesis route for
luminescent terbium-doped hexagonal cerium phosphate
nanowires and nanourchins was established. It was proved that
the application of tedious procedures, structure directing
agents, substrates or organic additives is not necessary for the
preparation of these nanostructures, since a properly chosen
admixture rate can eﬀectively determine their morphology. The
formation mechanism of nanourchins had not been entirely
elucidated yet; hence the unconventional approach of ultra-
sound-induced disintegration was taken to support one of theRSC Adv., 2014, 4, 49879–49887 | 49885
RSC Advances Paperavailable theories. The closely packed structure observed in the
opened nanourchin core renders the seeding and radiation
formation mechanism the most likely under our experimental
conditions. Terbium-doped nanowires and nanourchins were
subjected to heat treatment at 600 C to examine their structural
stability and hexagonal to monoclinic phase transition. Both
morphologies were conserved well, but terbium-doped samples
exhibited better stability against phase transition than pristine
samples. While pristine nanostructures recrystallized in only
1 hour, it took 8 hours to complete the phase transition of
terbium-doped samples under the same conditions. Both
hexagonal and monoclinic terbium-doped cerium phosphate
nanostructures exhibited green luminescence from which
hexagonal nanourchins and nanowires possessed 37% and 40%
quantum yields, respectively. These results indicate that cerium
phosphate nanowires and nanourchins of tunable lumines-
cence intensity can be synthesized by a simple, fast, scalable
method which is signicantly less material- and energy-inten-
sive than competitive methods published in the literature
before.Acknowledgements
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